Background The risk of early revision because of pseudotumors in patients who have undergone large-head metal-on-metal (MoM) total hip arthroplasty (THA) is well documented. However, the natural history of asymptomatic pseudotumors or of MoM articulations without pseudotumors is less well understood. The aim of our study was to investigate the natural history of primary MoM THA at mid-term followup. Questions/purposes The purposes of this study were: (1) Did previously detected pseudotumors persist or worsen in asymptomatic patients at mid-term followup; and if so, did any of them require revision THA? (2) Did new pseudotumors form in asymptomatic patients at mid-term followup? (3) What happened to serum trace metal ions at mid-term followup? (4) Were postoperative patient-reported outcome measures (PROMs) maintained at midterm followup? Methods Seventy-one patients who underwent a MoM THA using a Metasul LDH implant with a Durom acetabular cup and an M/L Taper stem between September 2005 and October 2008 were reviewed. All patients for this study were part of two previously published studies from our early followup. Data from the previous studies were used for comparison only. Two of the 71 patients (2.8%) were lost to followup. The mean age at operation was 56 years (range, 34-68 years). There were 24 female patients. All patients had serum trace metal ions testing, ultrasound imaging, and PROMs at a mean 3.5 years (early followup) after the index operation (range, 3-5 years) and delayed followup at a mean 7 years (range, 6.5-9 years). The indication to undertake revision THA was based on clinical evaluation and not solely on the investigation results. Results Twenty-three of 71 patients (32%) had a positive ultrasound scan for pseudotumor at early followup. Of these, eight patients underwent revision THA (11% of MoM THA or 35% of patients with an early positive ultrasound scan). The mean time between positive ultrasound scan and revision surgery was 13 months (range, 5-22 months). Of the remaining 15 patients with pseudotumor noted on early ultrasound, 12 had persistent pseudotumor, two resolved, and one was lost to followup. Six patients (13%) with a normal ultrasound scan at early followup showed new ultrasound findings at delayed followup. Of these, four (8%) were conclusively diagnosed as pseudotumor and one was revised. Serum trace metal ion increased at mid-term followup in the seven cases that showed an increase in volume of pseudotumor. Of the five patients in whom the volume of pseudotumor decreased on ultrasound at mid-term followup, three showed a decrease Each author certifies that he or she, or a member of his or her immediate family, has no funding or commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research1 editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research1 neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDAapproval status, of any drug or device prior to clinical use. Each author certifies that his or her institution approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained. in serum trace ions levels, whereas two showed an increase. New-onset pseudotumors at mid-term followup was associated with an increase in serum trace metal ions at mid-term followup only in two of six cases. PROMs at mid-term followup of patients in this study remain high. Conclusions At mid-term followup, approximately 35% of patients who develop an early pseudotumor undergo revision arthroplasty, whereas the remaining are asymptomatic. The incidence of new-onset ultrasound findings suggestive of pseudotumors at mid-to long-term followup is approximately 8% and these require continued surveillance. Level of Evidence Level II, prognostic study.
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Introduction
Large-head metal-on-metal (MoM) THAs have the theoretical advantages of superior wear characteristics [9, 12] and improved stability [6, 7, 17, 21, 22] . However, their routine use is currently discouraged as a result of concerns regarding elevated serum metal ions and their local [3-5, 8, 13, 19, 20, 25] and systemic side effects [2, 10, 12, 15, 18, 23, 26] .
Although early failure of MoM articulations from pseudotumor formation is well documented, the natural history of asymptomatic pseudotumors is less well known. A previous study [1] published from our institution looked at the early (mean 26 months) followup results of asymptomatic pseudotumors in a cohort of 20 patients. The study found that five patients underwent revision surgery and 15 remained nonrevised. Among the 15 nonrevised patients, pseudotumors increased in size in six, disappeared completely in three, and decreased in size in one case. In five revised patients, pseudotumors completely disappeared in four patients and decreased in size in one. However, this study had the limitations of a small study cohort and diverse patient group (hip resurfacing, large-head MoM, and metal-on-polyethylene pseudotumors were included). Also, no patient who had a negative first ultrasound was included in the followup period. Several other authors have documented the frequency with which pseudotumors after MoM THA [14, 16, 25, 27] . However, the natural history of asymptomatic pseudotumors in large-head MoM hip replacements remains unclear. Understanding this will help surgeons with counseling patients and deciding followup and surveillance of MoM THA. It also provides useful insight into the behavior of metal bearings in THA.
The aim of our study was to investigate the natural history of primary large-head MoM THA at mid-to longterm followup. To answer this question, we looked at the persistence of pseudotumor on ultrasound scans at midterm followup in asymptomatic patients as well as the incidence of pseudotumor at mid-term followup in previously negative pseudotumors. In these two groups we also investigated the change in serum trace metal ions and quality-of-life outcomes between mid-term followup. Specifically, we sought to answer the following questions: (1) Did previously detected pseudotumors persist or worsen in asymptomatic patients at mid-term followup; and if so, did any of them require revision THA? (2) Did new pseudotumors form in asymptomatic patients at mid-term followup? (3) What happened to serum trace metal ions at mid-term followup? (4) Were postoperative PROMs maintained at mid-term followup?
Patients and Methods
Institutional ethics review board approval was obtained and all patients gave their informed consent before their inclusion in the study.
Between We aimed to investigate the natural history of asymptomatic pseudotumors at mid-term followup. From the 360 patients who underwent MoM THA, we identified a representative cohort of 71 patients who were clinically asymptomatic and had no pseudotumors identified on ultrasound scan at early followup who had previously been evaluated for two other studies [12, 27] . Patients for both of those studies had been identified after informed consent to participate and WOMAC score greater than 75. Forty patients had participated in a study investigating the diagnostic accuracy of ultrasound scans for pseudotumors [12] and 31 patients had participated in a study investigating the prevalence of pseudotumors in asymptomatic patients at early followup [27] .
All patients underwent MoM hip arthroplasty using a Metasul LDH implant with a Durom acetabular cup (Zimmer Inc) between September 2005 and October 2008 and were asymptomatic with regard to their MoM hip articulations at the time of the previous study [12, 27] . All 71 patients had undergone investigations with serum trace metal ion testing, plain hip and pelvis radiographs, ultrasound imaging, and patient-reported outcome measures as part of previous studies [12, 27] between 3 and 5 years postoperatively (early followup) and 58 patients underwent those investigations one more time at 6.5 to 9 years (delayed followup). Our previously published studies [12, 27] documented the early followup. The data published earlier have been used for comparison with the current study, which looks at the mid-term results.
Only 58 patients underwent delayed scanning and the reasons for this were as follows: (1) three patients were completely asymptomatic and refused further investigations; (2) two patients were lost to followup; and (3) eight patients underwent conversion to ceramic-on-highly crosslinked polyethylene for painful MoM THA. There were 47 male patients with a mean BMI of 27 kg/m 2 ( Table 1 ). The bias toward male patients is reflective of the fact that more male patients were offered large-head MoM hip replacement than female patients. This bias was also noted in patients undergoing THA in our institution between September 2005 and October 2008. Compared with 58% (994 of 1713) females among patients undergoing metal-on-polyethylene THA, only 28% (102 of 360) of patients undergoing MoM THA were female.
Ultrasound Imaging
An experienced musculoskeletal sonographer (SJ) performed the ultrasound examinations. A standardized template was used to conduct the scans, which were performed using a Siemens Antares TM Ultrasound System (Siemens Medical Solutions USA, Mountain View, CA, USA). The Siemens VFX9-4 linear transducer and/or the Siemens CH6-2 curvilinear transducer was used for anterior, posterior, and/or lateral views depending on each patient's specific body habitus; body habitus affected the choice of transducers, but all images were obtained on all patients. Acquisition time was 20 minutes. The presence, size, and position of any fluid, cystic mass, or solid mass related to the hip were recorded along with any involvement of neurovascular structures. The volume of any fluid or mass was calculated by multiplying the maximum recorded dimensions in millimeters in each of three planes and dividing by 1000 to convert to volume in cubic centimeters. The radiologist was asked to definitively state whether the scan was normal or abnormal, and if the latter, the radiologist categorized it as one of three possible abnormalities: (1) a solid mass; (2) a cystic mass or a complex fluid collection; or (3) a simple fluid collection. On ultrasound, a simple fluid collection was defined as anechoic with increased through transmission and a welldefined posterior wall. A complex fluid collection/cystic mass contained debris (internal echoes), septations, or both. The following measurements were made between early and mid-term followup scans. Outcomes of interest were (1) the percentage of MoM THAs with persistent ultrasound findings between repeat scans; (2) the percentage of MoM THAs developing new pseudotumors between repeat ultrasounds; and (3) percentage of MoM THAs with progression of ultrasound findings between repeat scans. Progression was defined as change in grade when there was change in consistency (fluid \ cystic \ solid changes) and change in size when a change in volume was noted.
Revision Procedures for Pseudotumors
In 2014 (a minimum 6.5 years from surgery; maximum, 9 years; mean, 7 years), after ethical approval, the clinical records of these 71 patients were reviewed to identify patients who had undergone revision surgery. At a mean of 5 years from the index procedure (range, 3-6 years), eight patients with pseudotumors had undergone revision THA for symptomatic pseudotumors. The indication for revision was symptomatic hip pain affecting sleep, activities of daily living, and quality of life. Ultrasound findings and serum metal ions were not used to guide the decision to revise MoM THA in asymptomatic patients. The mean normalized WOMAC score dropped from 98 (range, 96-100; SD 1.48) at the time of the ultrasound scan to a mean of 85 (range, 76-90; SD 5.3) before revision THA. The mean time between positive ultrasound scan and revision surgery for symptomatic MoM articulation was 13 months (range, 5-22 months). These patients did not undergo a second ultrasound scan. All revised cases were noted to have cystic or solid pseudotumor on ultrasound scan before revision (Table 2) .
Serum Trace Metal Ions
Serum trace metal ions were collected as described in our previous study [27] . Blood samples were obtained with use of a BD Vacutainer Safety-Lok Blood Collection Set (Becton-Dickinson, Franklin Lakes, NJ, USA). The first 5 mL of blood was discarded to avoid possible contamination from the needle. A second 5 mL of blood was collected, and serum levels of cobalt and chromium were measured at the Trace Elements Laboratory-London Health Sciences Centre (London, Ontario, Canada) with use of inductively coupled plasma mass spectrometry (Thermo Fisher ELE-MENT 2, High Resolution Sector Field Inductively Coupled Plasma Mass Spectrometer [HR-SF-ICP-MS];Thermo Fisher Scientific, Waltham, MA, USA).
Patient-reported Outcome Measures
All patients were invited to complete quality-of-life assessment at the time of the study. The patients were minimum 6.5 years from surgery (maximum, 9 years; mean, 7 years). Outcomes studied were WOMAC [2] , SF-12 [3] , Oxford Hip Score [4] , and UCLA [5] scores in all cases. Early and mid-term scores were compared. All WOMAC and Oxford Hip Scores were normalized to be out of 100 with higher scores indicating better function. In addition, any patients who were revised for pseudotumor had patient-reported outcome measures (PROMs) collected at the time of the initial ultrasound scan when they were asymptomatic and just before the revision operation.
Statistical Analysis
Descriptive statistics was used to express all results. MannWhitney U-test was used to compare any difference in serum trace metal ions in patients who had undergone revision and the rest of the cohort.
Results
Twenty-three of 71 patients demonstrated a pseudotumor at early followup, and eight of these underwent early revision.
Of the remaining 15 patients with pseudotumor noted on early ultrasound, one was lost to followup, two showed complete resolution, and 12 demonstrated persistent pseudotumor but remained asymptomatic. Twenty-three patients (32%) had positive a ultrasound scan for fluid, cystic, or solid mass at early followup (Fig. 1) . This included eight patients who underwent revision THA (11% of MoM THA or 35% of early positive ultrasound scans) for pseudotumors. All of these patients had solid or cystic masses and none had an isolated fluid collection. This left 15 patients who were followed and not revised initially. One patient did not present for repeat scans. Of the remaining 14 patients, 12 (52% of the cohort with an initial abnormal ultrasound scan) had persistent positive ultrasound scans but remained asymptomatic and two (9% of the cohort with an initial abnormal ultrasound scan) patients showed complete resolution of any fluid or cystic lesions (Fig. 2) . Twelve of the 58 patients rescanned patients (21%) had persistent positive ultrasound scan for pseudotumor at mid-term followup. We noticed no progression of grade of pseudotumor (solid versus cystic versus fluid) between the interval scans (Table 3) . However, there was an increase in volume of the pseudotumor in 26% (six hips), a decrease in volume in 22% (five hips), and no change in volume in 4% (one hip). New pseudotumors were noted at mid-term followup in six (13%) patients with previously normal scans at early followup ( Fig. 3) with new-onset fluid, cystic, and/or solid lesions noted on ultrasound. Of these six cases, in four cases, pseudotumor was conclusively diagnosed at midterm followup (Table 4 ). All four cases had cystic masses, MoM = metal-on-metal; Cr = chromium; Co = cobalt; SM = solid mass; CM = cystic mass; FC = fluid collection; where the ultrasound showed more than one collection, their volumes were separately measured and documented as a, b, c, etc.
two with previous fluid collections (but no pseudotumor) and two cases with no previous fluid collection. One patient with new-onset pseudotumor at mid-term followup also required revision for symptomatic MoM THA. Serum trace metal ion test in the seven cases that showed an increase in volume of pseudotumor showed an increase in all cases ( Table 3 ). The mean increase noted was of 0.82 lg/L (SD 0.73; range, 0.11-1.54 lg/L) for chromium and 1.07 lg/L for cobalt (SD 1.03; range, 0.34-2.53 lg/L). In the patient with static volume of pseudotumor, chromium level increased from 3.04 lg/L to 4.73 lg/ L and cobalt level decreased from 7.59 lg/L to 6.28 lg/L. Of the five patients in whom the volume of pseudotumor decreased on ultrasound at mid-term followup, three showed a decrease in serum trace ions levels, whereas two showed an increase in levels. All of the eight patients revised for pseudotumors had elevated blood metal ion levels (mean chromium 10 In 6 patients with new-onset pseudotumors at mid-term followup (Table 4) , an increase in serum trace metal ions between early and mid-term followup was noted only in two cases (one both chromium and cobalt and one only chromium). One of these patients went on to have a revision THA for symptomatic pseudotumor (Case 4). In the two cases, in whom a new simple fluid collection was noted but pseudotumor was not conclusively proven (Cases 5 and 6), a drop in serum trace metal ions was noted between early and mid-term followup. The serum chromium level and cobalt level dropped at mid-term followup in both of these cases. Thirty-five asymptomatic patients with normal ultrasound scan findings of their MoM THA were investigated with repeat serum trace metal ions at mid-term followup and these were compared with early followup results ( Table 5) . A fall in serum trace metal chromium and cobalt metal ions was noted in 11 hips (32%). The remaining patients showed a raise in serum levels at interval followup. Four patients had an increase in serum chromium levels more than 2 lg/L at interval followup (11%). Eight patients were noted to have an increase in serum cobalt levels more than 2 lg/L (23%). Four patients had an increase in both serum chromium and cobalt levels more than 2 lg/L. PROMs at mid-term followup of patients with persistent pseudotumors remained high (Table 6 ). Comparison of global WOMAC scores at early (mean, 93; range, 80-100; SD 6.7) and mid-term followup (mean, 90; range, 75-100; SD 8.25) showed no difference with the numbers available (p = 0.45). PROMs at mid-term followup of patients with new-onset pseudotumors were also noted to be high (Table 7) . Only one patient was noted to have a WOMAC score less than 75 (WOMAC 25, Oxford Hip Score 27.08). In the remaining patients, PROMs were noted to be high (mean WOMAC 94, mean Oxford Hip Score 93). Comparison of global WOMAC scores at early (mean, 97; range, 95-100; SD 62.4) and mid-term followup (mean, 94; range, 79-100; SD 8.3) in the patients not revised for pseudotumor showed no difference (p = 0.40).
PROMs were available in 30 of the 35 asymptomatic patients ( Table 8 ). The eight patients with an increase in serum cobalt and chromium levels of more than 2 lg/L at interval followup had high PROM scores (WOMAC global 91; range, 77-100; SD 10.57; Oxford Hip Score 92; range, 79-100; SD 9.08; UCLA 3.71; range, 2-5; SD 1.38).
Discussion
The routine use of MoM THA is currently discouraged as a result of concerns regarding elevated serum metal ions and Cr = chromium; Co = cobalt; SM = solid mass; CM = cystic mass; FC = fluid collection; where the ultrasound showed more than one collection, their volumes were separately measured and documented as a, b, c, etc. their local and systemic side effects. The natural history of asymptomatic pseudotumors at mid-term followup in patients with MoM THA is not well known. Our study shows that half of the pseudotumors diagnosed in asymptomatic individuals at early followup remain asymptomatic at interval followup. Approximately one-third showed an increase in volume; however, in some of these, the increase in volume was small. Eleven percent (eight of 71 patients)
of MoM THAs or 36% (eight of 23 positive scans) of early positive ultrasound scans culminate in revision THA. A small percentage of patients (9% or two of 23 positive scans) showed complete resolution of any fluid or cystic lesions at interval ultrasound. Eight percent of previously normal scans showed new changes conclusively diagnosed as pseudotumor. Our study had some drawbacks. Two patients were lost to followup. Three patients were asymptomatic and refused further investigations. Our study had modest numbers (71 patients). Despite this we believe that the study group was representative and the results could be extrapolated to clinical practice. We used only ultrasound to diagnose pseudotumor and this is the routine practice at our institution. We have previously published on high diagnostic accuracy of ultrasound scans to diagnose pseudotumors [12] . In the cases that developed new fluid collections at mid-term followup, we did not further investigate them with MRI or image-guided biopsy. Because patients were asymptomatic, we choose to continue clinical followup and repeat the ultrasound investigations. We also chose our cohort from two previously published studies [12, 27] . This was necessary to ensure that the patients chosen for this study were all investigated for pseudotumors with Cr = chromium; Co = cobalt; PT = pseudotumor; SM = solid mass; CM = cystic mass; FC = fluid collection; where the ultrasound showed more than one collection, their volumes were separately measured and documented as a, b, c, etc. Negative values indicate fall in serum trace ion levels; MoM = metal-on-metal; Cr = chromium; Co = cobalt. [11] investigated 114 patients to determine the prevalence of adverse local tissue reaction (ALTR) in asymptomatic patients with modular MoM THAs. They reported ALTR in 31% of asymptomatic patients with modular MoM THAs and in 50% of symptomatic patients with modular MoM THAs. There were no differences in the type of lesions between the two groups, both having a majority of cystic lesions. Although all asymptomatic patients had greater trochanteric lesions, approximately one-third of the symptomatic group had lesions noted in other periarticular areas. Our study looked at a cohort of patients with well-functioning MoM THA and followed them prospectively to establish the early and intermediate incidence of pseudotumors and the associated change in PROMs and serum metal ions. The frequency of new pseudotumors between early and intermediate followup in our series was much lower at 8% (four new pseudotumors in previously negative 48 scans). Our study noted both cystic and solid pseudotumors in the asymptomatic patients. The incidence of revision THA after the diagnosis of early pseudotumors in our series was 35%. There was one revision in the cohort of patients who had a delayed onset pseudotumor at mid-term followup. The grade/type/size of pseudotumor was not predictive of revision for pseudotumor. van der Veen et al. [24] noted elevated serum cobalt levels were also found more often with MoM THA than with MoP THA. Interestingly, there was no relationship between elevated serum cobalt levels and pseudotumor formation in males. Fehring et al. [11] noted that metal ions were poor predictors of pseudotumors. Our study showed that in cases in which the pseudotumor increased in size between early and mid-term followup, the serum trace metal ions also showed an increase. However, this relationship was not mirrored when pseudotumors stayed the same or decreased in size. Also those patients undergoing revision did not show a statistically significant difference in their serum trace metal ions compared with those not undergoing revision.
Our study reviewed the PROMs in asymptomatic pseudotumors at mid-term followup. This has not been investigated by other studies to our knowledge. Overall the PROMs were noted to be high. Persistent pseudotumors were not associated with a decrease in outcome scores. A drop in PROM score did not necessarily reflect new-onset pseudotumors. However, the one patient who went on to have revision THA after new-onset pseudotumor at midterm follow up had decreased PROMs (WOMAC \75 and Oxford Hip Score \ 25) before revision.
In conclusion, patients with early pseudotumors undergoing revision as a result of symptomatic deterioration in the hip show poor correlation with metal ions. However, a solid or cystic pseudotumor was associated with all revisions.
Surveillance is necessary given the new onset of pseudotumors noted at mid-term followup in this series. Based on our results we would recommend clinical followup with interval imaging as the ideal followup in asymptomatic MoM THA. Long-term followup studies will establish the progression of pseudotumors that develop at early and midterm followup. 
